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ABSTRACT 


The Joint Tactical Information Distribution System (JTIDS) is a hybrid 
frequency-hoped, direct sequence spread spectrum system that utilizes a (31, 15) Reed- 
Solomon (RS) code and cyclical code-shift keying (CCSK) modulation for the data 
packets, where each encoded symbol consists of five bits. In this thesis, an alternative 
waveform consistent with the existing JTIDS channel waveform is analyzed. The system 
to be considered uses (31, 15) RS encoding as the original JTIDS, but each pair of five- 
bit symbols at the output of the RS encoder undergo serial-to-parallel conversion to two 
five-bit symbols, which are then independently transmitted on the in-phase (I) and 
quadrature (Q) component of the carrier using 32-ary orthogonal signaling with 32 chip 
baseband waveforms such as Walsh functions. This system is consistent with the direct 
sequence waveform generated by JTIDS. The performance obtained with alternative 
waveform is compared with that obtained with the existing JTIDS waveform for the 
relatively benign case where additive white Gaussian noise (AWGN) is the only noise 
present as well as when pulse-noise interference (PNI) is present. Errors-and-erasures 


decoding (EED) as well as errors only decoding is also considered. 


Based on the analyses, we conclude that the proposed alternative Link-16/JTIDS 
compatible waveform performs better than the existing Link-16/JTIDS waveform in 
AWGN as well as when PNI is present for both coherent and noncoherent demodulation. 
No significant advantage is obtained by using errors-and-erasures decoding (EED) for the 


alternative Link-16/JTIDS compatible waveform. 
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EXECUTIVE SUMMARY 


Tactical data links (TDL) have played a vital role in modern military strategy and 
have attracted much attention since they form the basis of technology that supports 
Network Centric Warfare. In order to provide a real-time exchange of tactical data to all 
participants, tactical data links must be able to effectively achieve and manage all of the 
battle information in a modern warfare battlefield. 

The Joint Tactical Information Distribution System (JTIDS)/Link-16 is a message 
tactical data link which is used by naval, joint service and NATO units from different 
countries around the world. It provides digital communication of both data and voice for 
command and control, relative positioning, identification, navigation, and situational 


awareness. 


Link-16/JTIDS operates in the L-band and is a hybrid frequency-hopped, direct 
sequence spread spectrum system that utilizes a (31, 15) Reed-Solomon (RS) code and 
cyclical code-shift keying (CCSK) modulation for the data packets, where each encoded 
symbol consists of five bits. In this thesis, an alternative waveform consistent with the 
existing JTIDS channel waveform was analyzed. The system considered uses (31, 15) RS 
encoding as the original JTIDS, but each pair of five-bit symbols at the output of the RS 
encoder undergo serial-to-parallel conversion to two five-bit symbols, which are then 
independently transmitted on the in-phase (I) and quadrature (Q) component of the carrier 
using 32-ary orthogonal signaling with 32 chip baseband waveforms such as Walsh 
functions. This system is consistent with the direct sequence waveform generated by 
JTIDS. The performance obtained with the alternative waveform was compared with that 
obtained with the existing JTIDS waveform for the relatively benign case where additive 
white Gaussian noise (AWGN) is the only noise present as well as when pulse-noise 
interference (PNI) is present. Errors-and-erasures decoding (EED) as well as errors only 
decoding was also considered. 

Based on the analyses and results of this thesis, we conclude that the proposed 
alternative Link-16/JTIDS compatible waveform performs 1.7 dB and 1.4 dB better than 
the existing Link-16/JTIDS waveform in AWGN for coherent and noncoherent 


XV 


demodulation, respectively. When PNI is present, the alternative waveform outperforms 
the existing waveform by 2.8 dB and 3.1 dB for coherent and noncoherent demodulation, 


respectively, when E,/N, =10 dB. No significant advantage is obtained by using errors- 


and-erasures decoding (EED) for the alternative Link-16/JTIDS compatible waveform. 
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I. INTRODUCTION 


A. OVERVIEW 


Tactical data links (TDL) have played a vital role in modern military strategy and 
attracted much attention since they form the basis of technology that supports Network 
Centric Warfare. In order to provide a real-time exchange of tactical data to all 
participants, tactical data links must be able to manage all battle information in today’s 
modern warfare battlefield. 

Link-16/Joint Tactical Information Distribution System (JTIDS) operates in the 
L-band and is a good example of a waveform designed to resist interference. 
Link-16/JTIDS uses a combination of time-division multiple access, frequency-hopping, 
direct sequence spread spectrum, Reed Solomon (RS) encoding and cyclical code-shift 
keying (CCSK) modulation. Link-16/JTIDS produces a 32-chip sequence with CCSK 
modulation to represent each 5-bit symbol, and the individual chips are transmitted using 
minimum-shift keying (MSK) modulation. 

A primary drawback to JTIDS is the limited data throughput which makes it ill 
suited for the transmission of large blocks of data. This constrains its usage to situational 
awareness functions, command and control, and derivative functions such as weapon 


guidance [1]. 
B. THESIS OBJECTIVE 


Some enhancements to JTIDS have been introduced to alleviate problems arising 
from its basic design. One enhancement is Link-16 Enhanced Throughput (LET), which 
leads to increased throughput. For LET, the spread spectrum and RS encoding of the 
original JTIDS waveform are replaced with a combined RS and convolutional coding 
scheme which can adapt to required link capability much in the manner of the variable 
throughput design of the IEEE 802.11a and g waveforms. LET provides 3.33, 5.08, 7.75, 
9.0, or 10.25 times more throughput than the basic JTIDS modulation but does so at the 
expense of both link robustness and transmission range. The highest data rate LET mode 


is probably insufficiently robust for most combat environments [1]. In [2] the 
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performance of a CCSK waveform is compared with an orthogonal waveform. In [3] an 
analysis of different forward error correction (FEC) techniques for high-rate direct 
sequence spread spectrum is examined. In [4], an analytical approximation for the 
probability of symbol error of CCSK is derived, but the performance obtained is 
optimistic by about 2 dB [5]. In this thesis, an alternative waveform consisting of (31, 15) 
RS encoding and 32-ary orthogonal signaling with 32 chip baseband waveforms is 
analyzed. The alternative waveform is consistent with the existing JTIDS channel 
waveform. The effects of both additive white Gaussian noise (AWGN) and pulse-noise 
interference (PNI) are investigated. To the best of the author’s knowledge, the effect of 


PNI on this waveform has not been previously investigated. 
Ce THESIS OUTLINE 


This thesis is organized into the introduction, background (Chapter II) and five 
additional chapters. Chapter II[ contains an analysis of the performance of 32-ary 
orthogonal signaling with (31, 15) RS encoding in an AWGN environment. In Chapter 
IV, the performance of 32-ary orthogonal signaling with (31, 15) RS encoding in both 
AWGN and PNI environment is analyzed. Chapter V contains a comparison of the 
performance of 32-ary orthogonal signaling with (31, 15) RS encoding with the JTIDS 
waveform both for AWGN only as well as both AWGN and PNI. In Chapter VI, the 
performance of 32-ary orthogonal signaling with (31, 15) RS encoding in both AWGN 
and PNI environment with errors-and-erasures decoding is analyzed. Finally, in Chapter 
VII the conclusions based on the results obtained from the analysis in the previous 


chapters are presented. 


HW. BACKGROUND 


In this chapter, some of the background knowledge and concepts required for 
subsequent analysis of the alternative JTIDS/Link-16 waveform considered in this thesis 


are introduced. 
A. M-ARY ORTHOGONAL SIGNALS 


For M-ary communication systems, one of M_ unique _ signals, 
Sin (t),m=1, 2,....M, is transmitted in order to represent symbol m. Each symbol 
represents k bits where M=2‘. An M-ary orthogonal signal can be received either 
coherently (the receiver requires the phase of the received signal) or noncoherently (the 
receiver does not require the phase of the received signal). This type of receiver can be 


implemented either with a bank of M multipliers and low pass filters or with a bank of 


M matched filters [6]. 


The waveform of an M-ary orthogonal signal when AWGN is present can be 


represented by 
s, (t) = V24A.c, (1) cos (2nf,t + 0,)+n(t) (2.1) 
where n (t) is AWGN noise with PSD N, /2, the phase difference is known for coherent 
detection and c, (t), m=1,2,...,M , is a baseband waveform that represents symbol m. A 
block diagram of a coherent M-ary orthogonal baseband waveform demodulator is shown 
in Figure 1. 
It can be shown that the integrator outputs x,, (i a for each branch of the 


receiver can be represented as the independent Gaussian random _ variables 


X,,,m=1,2,....M. The conditional probability density functions for the random 
variables X,, , m=1,2,...,M , that represent the integrator outputs when the noise is 


modeled as Gaussian are [6] 





2 
for m<M (2.2) 


and 





n 


1 = 2 
fy (x, In, n#m)= exp| —> (2.3) 
20, 


when the signal corresponding to symbol m is transmitted and 
Oy =Oy,* =.= Oy,’ =0° =N,/T,. (2.4) 


The mean of X,, is given by 


2/2, % 
ae 


Ss 0 


Cy (De, (cos? (2nf.t+0,)dt= {ae prem (2.5) 


for,n#m 


Choose 


Vr (t) — Largest 


2cos(@t1+é@) 





Set) 


Figure 1. Block diagram of a coherent M-ary orthogonal baseband waveform 
demodulator (From: [6]). 
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The signal is the same for noncoherent detection of M-ary orthogonal signals 
when AWGN is present, but the phase difference is not known. A block diagram of a 


noncoherent M-ary orthogonal baseband waveform demodulator is shown in Figure 2. 


When AWGN is present, it can be shown that the integrator outputs x,,(i7, ) for 


each branch of the receiver can be represented as the independent Gaussian random 


variables X,,,X,, ,m=1,2,...,M , where for the in-phase integrator outputs 


m,? 


T, 
a 212A, | en We, (#1) cos (2nf,t+ 0, ) cos (2nf,) de 


s 0 ; (2.6) 
ol ; for n=m 





for,n#m 


and for the quadrature integrator outputs 


Y= 2V/2A, | f 


mg 





c,, (t)c, (t) cos (2nf,t + 9; )cos (2nf,t) dt 


- : (2.7) 
“10 —/2A-sin0; for,n=m 


for,n#m 


where 


2 2 2 
= =..=0 
2 Xu; 


(2.8) 





_ 2 = ee. a) ae ° 
Oy Og (ana Oy =O aN iT, 
Iq q q 


The conditional probability density functions for the random _ variables 


V, 


> m=1,2,...,M, that represent the output of the m" branch when the signal 
corresponding to symbol m is transmitted is given by the non-central chi-squared 
probability density function with two degrees of freedom when the noise is modeled as 


Gaussian [6]. Hence, 


1 ~ Vin +2A.” A. 2, 
fv, (v,, |m)= 5 os] | Ha | a) (2.9) 





where [, (e) is the modified Bessel function of the first kind and order zero, and 








1 -Vv 
v Injn#m)= ex a 2.10 
fy (lm, nm) = Eeexp] = (2.10) 


since [,(0)=1. 







2cos w,f 


‘ Choose 
y ( u ) Largest 


2 sin Mt 


Cy, (1) 


Figure 2. Block diagram of a noncoherent M-ary orthogonal baseband waveform 
demodulator (From: [6]). 


B. PERFORMANCE OF M-ARY ORTHOGONAL SIGNALING IN AWGN 


When AWGN is present with power spectral density N,/2, the probability of 


channel symbol error for coherent M-ary orthogonal signaling in AWGN is [6] 





ra gele. I-|1-0Us Pe au Q.11) 


and for noncoherent M-ary orthogonal signaling in AWGN is [6] 


P, = ys (-1)" (",')exp Fae (2.12) 


mr «UNM 1 (n+1)N, 





where E, is the average energy per channel symbol, E, = A,’T,, where A,” is the average 


received signal power, 7. is the symbol duration, and Q(e) is the Q-function. Equations 


Ss 


(2.10) and (2.11) will be used to obtain the probability of symbol and bit error for the 


alternative JTIDS/Link-16 system in the next chapter. 


C. PERFORMANCE IN AWGN WITH PULSED-NOISE INTERFERENCE 


We have also to consider the effect of PNI on the performance of the system. In 
this thesis, we consider the performance of the alternative JTIDS/Link-16 system in both 


AWGN and PNI. 


When a channel is affected by AWGN, the noise signal that arrives at the receiver 
is assumed to be uniformly spread across the spectrum and time-independent, but those 
assumptions may not be valid if PNI is present. In this thesis, the AWGN and PNI are 
assumed to be statistically independent, and the PNI is modeled as Gaussian noise. When 
AWGN and PNI are both present the total noise power at the receiver integrator outputs 
is given by 


G6, =0,646, (2.13) 


where 6), =N,/T, and o, =N,/pT,, and p is a fraction of time that an interferer is 
switched on. When p=1, the interferer is continuously on and is referred to as barrage 


noise interference. 


When PNI is present, the probability of symbol error can be expressed as 
P. = Pr(InterfererisON) p,(AWGN+PNI) + Pr(Interfereris OFF) p,(AWGN) (2.14) 
where we assume that a symbol is either completely free of PNI or the entire symbol is 
affected by PNI. Since Pr(InterfererisON)=p, 
P. =p p,(AWGN+PNI) + (1—p) p, (AWGN) , (2.15) 


where p,(x) represent the probability of symbol error for condition as it is defined by x. 


D. FORWARD ERROR CORRECTION CODING 


For JTIDS/Link-16, the FEC used is (31, 15) RS coding, a linear, non-binary 
code. To maintain consistency with the JTIDS/Link-16 waveform, the alternative 
JTIDS/Link-16 waveform also employs (31, 15) RS coding for error detection and 
correction. For non-binary codes, symbols are generated instead of bits where each 
symbol represents m bits and the number of different symbols required are M = 2”. An 
(n, k) RS encoder, takes k information symbols (mk information bits) and generates n 


coded symbols (mn coded bits) [7]. 


The probability of decoder, or block, error for a f-symbol error correcting, 


nonbinary block code with maximum likelihood decoding is upper bounded by [7] 


. n i n-i 
Ps . pe: (1-p,) (2.16) 


i=t+] U 


or 
: n i n-i 
P,< I->( 7 (1-p,) (2.17) 


where the inequality holds for either a perfect code or a bounded distance decoder, and 


Pp, is the probability of coded, or channel, symbol error. 


For RS codes and M-ary orthogonal modulation with M = 2” and hard decision 


decoding, we obtain the probability of information bit error as [7] 


1 a “ nN i n-i 
Ras oF )e (py (2.18) 


i=t+1 u 
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E. ERRORS-AND-ERASURES DECODING 


Error-and-erasures decoding (EED) is the simplest form of soft decision decoding 
and an alternative to hard decision decoding that is easily implemented. In binary erasure 
decoding, the output of the demodulator is not binary but ternary, and the three possible 
outputs are bit 1, bit 0, and erasure (e ). Suppose that a received code word has a single 
erased bit. Now all valid code words are separated by a Hamming distance of at least 


di, —1. In general, given e erasures in a received code word, all valid code words are 
separated by a Hamming distance of at least d_,,, —e . Hence, the effective free distance is 


[7] 
= dain ~€- (2.19) 


Therefore, the number of errors in the non-erased bits of the code word that can 
be corrected is [7] 
u 1 

t, = ate —e-l]. (2.20) 

A total of t, errors and e erasures can be corrected as long as 
2b Pe <0, (2.21) 
Hence, twice as many erasures as errors can be corrected. Intuitively, this makes 
sense because we have more information about the erasures; the locations of the erasures 


are known, but the locations of the errors are not. 


For error-and-erasures decoding, the probability that there are a total of i errors 


and j erasures in a block of n symbols is given by [7] 
—. (n\(n-i\). . .., 
Pri, j) =| ee bPaPs Bae © (2.22) 
l J 
where each symbol is assumed to be received independently, p, is the probability of 


channel symbol erasure, p, is the probability of channel symbol error, and the 


probability of correct channel symbol detection is [7] 


P, =1-P.—- P.- (2.23) 
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Since a block error does not occur as long as d,,. > 2i+ j, then the probability of 


correct block decoding is given by 


t n ‘ Amin -1-2i n a, I F pats 
Pee yl ‘ > «(pepe (2.24) 
i=o\l jo \ J 

In this case, the probability of block error is given by 
P, =1-P, (2.25) 
Substituting (2.24) into (2.25), we get 

t nN _anig -1-2i nh ip ee ae 
r=1-¥7 Jo > j Pips (2.26) 
i=0 i 

Using the average of the upper and lower bound on the probability of symbol 
error given that a block error has occurred, we can approximate the probability of symbol 


error as [7] 


k+1 
P ~—FP.. 227 
a ae oe 
Finally, an approximation for the probability of bit error is obtained by taking the 
average of the upper and lower bound on the probability of bit error given that a symbol 


error has occurred to get 


(2.28) 


F. CHAPTER SUMMARY 


In this chapter, M-ary orthogonal signals were introduced and the background and 
concepts necessary to examine the performance of an alternative JTIDS/Link-16 
waveform which consists of 32-ary orthogonal signaling with (31, 15) RS coding both for 
coherent and noncoherent demodulations were addressed. The concept of forward error 
correction (FEC) coding as well as the concept of errors-and-erasures (EE) decoding was 
also introduced. In the next chapter, the performance of an alternative JTIDS waveform 
that utilizes (31, 15) RS coding with M-ary orthogonal modulation transmitted over a 
channel with only AWGN is examined. 
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HI. PERFORMANCE ANALYSIS OF 32-ARY ORTHOGONAL 
SIGNALING WITH (31,15) RS ENCODING IN AWGN 


In this chapter we examine the performance of 32-ary orthogonal signaling with 
(31, 15) RS encoding in an AWGN environment. 

We first examine the performance for coherent demodulation in AWGN, noise 
which is present for all communications systems even when there are no other types of 
noise present. Second, the performance of the alternative waveform for noncoherent 
demodulation is examined. Finally, the results obtained with coherent and noncoherent 


demodulation are examined. 


A. COHERENT DEMODULATION 


For the alternative JTIDS waveform with 32-ary orthogonal modulation, the 


probability of channel symbol error is upper bounded by [6] 





rE 
< — s 1 
p, <(M nol | (3.1) 


where r=k/n, is the code rate. 


Expressed in terms of bit energy E, , (3.1) is given by 





rmE 
< — Z 2, 
p, <(M nol rf } (3.2) 


0 
where m is the number of bits per symbol. 


In this thesis, we only consider M =32 and m=5, so (3.2) reduces to 


SrE, 
P, <219| we.) (3.3) 


Substituting (3.3) into (2.18), we get the results are shown in Figure 3 for 32-ary 
orthogonal signaling with (31, 15) RS encoding (the alternative JTIDS waveform) in 


AWGN for coherent demodulation. As can be seen, in order to achieve P, =10°, the 


alternative waveform requires E, / No=5.3dB. 
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Alternative JTIDS:Coherent demodulation 





























E,/N, (4B) 


Figure 3. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding in 
AWGN for coherent demodulation. 


B. NONCOHERENT DEMODULATION 


The probability of channel symbol error for 32-ary orthogonal signaling with 


noncoherent demodulation is upper bounded by [6] 


(M-1)_ (_ 7, 
P, a 2N, F (3.4) 


Expressed in terms of bit energy E, , (3.4) is given by 


(M -1) rmE,, 
= ex ; 3.5 
res 5 r( ON, (3.5) 
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For M =32 and m=S, (3.5) simplifies to 





SrE 
=15.5exp| -——= |. 3.6 
Ps r( ON (3.6) 


0 
As for coherent demodulation, the probability of bit error is obtained by 
substituting (3.5) into (2.18). The results are shown in Figure 4 for 32-ary orthogonal 


signaling with (31, 15) RS encoding. As can be seen, in order to achieve P, =10~, the 


alternative waveform requires E, / No = 6.6 dB for noncoherent demodulation. 











Alternative JTIDS:Noncoherent demodulation 


























E,/N, (dB) 


Figure 4. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding in 
AWGN for noncoherent demodulation. 
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C. COMPARISON OF THE PERFORMANCE OBTAINED WITH 
COHERENT AND NONCOHERENT DEMODULATION 


For purposes of comparison, the performances obtained for both coherent and 


noncoherent demodulation of the alternative waveform are plotted in Figure 5. As 


previously mentioned, at P,=10~ the alternative waveform requires E,/N,=5.3 dB 
and E,/N,=6.6 dB for coherent and noncoherent demodulation, respectively. Hence, 


there is a gain of 1.3 dB at PB =10° with coherent as opposed to noncoherent 






































demodulation. 
Alternative JTIDS:Coherent demodulation 
10° Alternative JTIDS:Noncoherent demodulation 
10'| 1 
10° | : 
10° 1 
10° 3 
2 
oa 5 
10 q 
10°+ ! 
10’ | 3 
10°} 1 
10° l l l L L L L 
2 3 4 5 6 7 8 9 10 
E,/N, (dB) 
Figure 5. Comparison of the performance of coherent and noncoherent demodulation 


for the alternative waveform in AWGN. 
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D. CHAPTER SUMMARY 


In this chapter, the effects of AWGN on the performances for both coherent and 
noncoherent demodulation of the alternative JTIDS waveform were examined. In the next 
chapter, the performance of the alternative JTIDS waveform for both coherent and 


noncoherent demodulation in both AWGN and PNI are examined. 
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IV. PERFORMANCE ANALYSIS OF 32-ARY ORTHOGONAL 
SIGNALING WITH (31,15) RS ENCODING IN AWGN AND 
PULSE-NOISE INTERFERENCE 


We now examine the performance of the receiver in the presence of PNI and 
AWGN. With PNI, we assume that the communications system is attacked by a noise- 


like signal that is turned on and off periodically. If o represents the fraction of time that 
the PNI is turned on, then (1 — ) represents the fraction of time that the PNI is turned 
off where 0 < p <1. In this kind of noisy environment, received symbols are affected 


by two different levels of noise power since some of the symbols are affected only by 


AWGN and the rest by both AWGN and PNI. If the one-sided power spectral density 
(PSD) of the AWGN is J, and the one-sided PSD of barrage noise interference is N,, 


then N,/p is the PSD of the PNI since we assume that average interference power is 


independent of p . 


A. COHERENT DEMODULATION 


For the alternative JTIDS waveform, the probability of channel symbol error for 


the coherent demodulation is obtained by combining (2.11), (2.13) and (2.15) to get 








pppoe 1-|1-O(u+ du a 
i ee 2F | 
+(-p) p= fe ly I} 1-0 2.) du 


Definingy, = E,/N,, ¥,=£,/N,, and y; = L(y." +(o7,) | , we obtain from 


(4.1) 
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P, = Pr i Bas x t- [1-0 +/10ry, y] fa 


“<n (4.2) 


+(-p) z= J as [1-0 + /l0ry, )] au 


The probability of bit error is obtained by substituting (4.2) into (2.18). 

The performance of the alternative waveform for different values of p in both 
AWGN and PNI for coherent demodulation is shown in Figure 6. The plot is obtained for 
E,/N, =10dB, and we see that PNI degrades the performance of the system relative to 


barrage-noise interference (BNI). 
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Figure 6. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding for 
different values of o in both AWGN and PNI for coherent demodulation with 


E,/N, =10aB. 
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From Table 1 we can see that PNI degrades the performance of the system relative 


to barrage-noise interference (9 =1) when P, =10~°by almost 3.0 dB. For p<0.1, 


performance is not affected for P, >10°. 


Table 1. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding for 
different values of in both AWGN and PNI for coherent demodulation when 











Ra10"; 
p E,/N, (dB) 
1 6.3 
0.2 9.1 
0.1 8.3 














B. NONCOHERENT DEMODULATION 


When AWGN and PNI are both present, the probability of channel symbol error 
for 32-ary orthogonal signaling with noncoherent demodulation is obtained by combining 


(2.12), (2.13) and (2.15) to get 








aA n+l 
p.= pS) (")exp] 2 


No, Ni 
(n+1) [Me i } (4.3) 


Se cam 








Making the same substitutions in (4.3) that were made in (4.2), we get 














bas 31 a i, 4 Jexp —n5r 
af ae (nn ( M4 % | (4.4) 
E, pE, } | 
= (-1)™ —n5rE 
T= 31 b 
Hf pd n+l ( ") ( +1)N, | 


Substituting (4.4) into (2.18), we get the performance of the alternative waveform 


for different values of p in both AWGN and PNI for noncoherent demodulation. The 
results are shown in Figure 7. The plot is obtained for E,/N,=10dB, and we see that 


PNI degrade the performance of the system relative to barrage-noise interference (BNI) 


just as in the case of coherent demodulation. 








—— p=1 


ay p=0.1 
p=0.05 
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E,/N, (dB) 





Figure 7. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding for 
different values of ¢ in both AWGN and PNI for noncoherent demodulation with 


E,/N, =10<B. 


From Table 2 we can see that PNI degrades the performance of the system relative 


to barrage-noise interference when P, =10~ by 3.1 dB. For p<0.1, performance is not 


affected for P, = 10°, just as in the case of coherent detection. 
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Table 2. Performance of 32-ary orthogonal signaling with (31, 15) RS encoding for 
different values of ¢ in both AWGN and PNI for noncoherent demodulation 














when P, =10°. 
p E,/N, (dB) 
1 8.1 
0.2 11.2 
0.1 10.9 














C. COMPARISON BETWEEN COHERENT AND NON-COHERENT 
DEMODULATION 


For purposes of comparison, the performance for both coherent and noncoherent 


demodulation of the alternative waveform for p=1, 9 =0.2, and po =0.1 are plotted in 
Figures 8, 9 and 10, respectively. In each figure, E, / N,=10 dB, and we see that in this 
case PNI degrades the performance of the system relative to BNI. Also in each figure, 
performance with E,/N,=6.8 dB, which results in P,=10° for noncoherent 
demodulation when E, / N,>>1, is compared with those for coherent demodulation when 
E,/N,=6.8 dB. The E,/N, required for P,=10° when E,/N,=10 dB and when 
E,/N,=6.8 dB for p=1, p=0.2, and p=0.1, respectively, are listed in Tables 3, 4 
and 5. 

From Figures 8, 9 and 10, we see that for E,/N,=6.8 dB, which leads 


asymptotically to P,=10~* for noncoherent demodulation, the E,/N, required for 
P, =10° increases as p decreases. Additionally, for E,/N,=10 dB and P, =10°,as p 


decreases, the difference in performance between coherent and _ noncoherent 


demodulation increases from 1.7 dB for BNI to 2.6 dB for p=0.1. Note that a 
reduction of E,/ N, requires an increase in E, /N, in order to maintain P, =10~. In the 


case of noncoherent detection, an approximately 3 dB decrease of E,/N, leads to a 
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greater than 3 dB increase in required E, / N,. The increase is the most extreme for BNI, 
when £,/N, must increase by more than 5 dB. In the case of coherent detection, an 
approximately 3 dB decrease in E, / N, also leads to an increase in required E, / N,, but 


in this case the increase is less than 3 dB. As in the noncoherent case, the increase is the 


most extreme for BNI, when £,/N, must increase by 2.6 dB. For both coherent and 


noncoherent demodulation, as decreases, the increase in required E,/N, also 
















































decreases. 
10° 
we Coherent demodulation (E,/N,=10 dB) 
10" Noncoherent demodulation (E,/N,=10 dB) 
Noncoherent demodulation (E/N =6.8 dB) 
Coherent demodulation (E,/N,=6.8 dB) 
a 
o. 
30 
E,/N, (dB) 
Figure 8. Comparison of the performance of the alternative waveform with both 


AWGN and BNI for coherent and noncoherent demodulation. 
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Table 3. Comparison of the performance of the alternative waveform with both AWGN 
and BNI for coherent and noncoherent demodulation when P, = 10°. 















































E,/N, (dB) Demodulation E,/N, (dB) 

10 Coherent 6.3 
10 Noncoherent 8.1 
6.8 Coherent 8.9 
6.8 Noncoherent 13.3 

10° , | | 

Coherent demodulation (E,/N,=10 dB) 

10} Noncoherent demodulation (E,/N=10 dB) 
5 Noncoherent demodulation (E,/N,=6.8 dB) 

10 rs 











== COherent demodulation (E,/N,=6.8 dB) 





























Figure 9. Comparison of the performance of the alternative waveform for p = 0.2 
with both AWGN and PNI for coherent and noncoherent demodulation. 
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Table 4. Comparison of the performance of the alternative waveform for p = 0.2 with 
both AWGN and PNI for coherent and noncoherent demodulation when 





























Figure 10. 














P= 10°. 

E,/N, (dB) Demodulation E,/N, (dB) 
10 Coherent 9.1 
10 Noncoherent 11.2 
6.8 Coherent 10.4 
6.8 Noncoherent 14.4 

10° 
Coherent demodulation (E,/N,=10 dB) 
10 | Noncoherent demodulation (E,/N,=10 dB) 
Noncoherent demodulation (E,/N,=6.8 dB) 
2 
10; 








Coherent demodulation (E,/N,=6.8 dB) 
































Comparison of the performance of the alternative waveform for p = 0.1 with 
both AWGN and PNI for coherent and noncoherent demodulation. 
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Table 5. Comparison of the performance of the alternative waveform for p = 0.1 with 
both AWGN and PNI for coherent and noncoherent demodulation when 


























Palo 
E,/N, (dB) Demodulation E,/N, (dB) 
10 Coherent 8.3 
10 Noncoherent 10.9 
6.8 Coherent 9.6 
6.8 Noncoherent 14.5 





D. CHAPTER SUMMARY 


In this chapter, the effects of AWGN and PNI on the performance of the 


alternative JTIDS waveform for both coherent and noncoherent demodulation were 


examined. In the next chapter, the performance of the original JTIDS waveform for both 


coherent and noncoherent demodulation is examined for AWGN as well as for both 


AWGN and PNI. The performance of the alternative waveform is then compared to the 


original JTIDS waveform for both coherent and noncoherent detection. 
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Vv. COMPARISON OF THE PERFORMANCE OF 32-ARY 
ORTHOGONAL SIGNALING WITH (31,15) RS ENCODING 
TO THAT OF THE JTIDS WAVEFORM 


In this chapter, the performance of the alternative JTIDS/Link-16 waveform is 
compared with that of the original JTIDS/Link-16 waveform. Results from [5] are used to 


obtain the performance of the original JTIDS/Link-16 waveform. 


A. ORIGINAL JTIDS WAVEFORM IN AWGN 
1. Coherent Demodulation 


For the original JTIDS/Link-16 waveform, the FEC used is (31, 15) RS coding, 
and the modulation is CCSK, which is demodulated at the chip level. In AWGN, the 


probability of channel chip error with coherent detection is [5] 
10rLE, 
r.=0| i (5.1) 


where r is the code rate, L=1 for the single-pulse structure, r=k/n , and E, is the 


average energy per bit in a pulse. 
An analytic expression for the probability of channel symbol error for the CCSK 


sequence used in JTIDS is [5] 


32, (32) us 
p= d6,(" el (re) 62) 


j=0 
where €, is the conditional probability of channel symbol error given that j chip errors 
have occurred at the output of MSK chip demodulator. The values of ¢, are derived in 
[5]. 


As in the previous chapters, (5.2) is used in 


P “typi 2 (5.3) 


N jars 


and (2.28) to obtain an estimate of the probability of bit error. 


27 


The performance of the original JTIDS waveform with coherent demodulation in 


AWGN is shown in Figure 11. 























Figure 11. Performance of the original JTIDS waveform in AWGN for coherent 
demodulation. 


2. Noncoherent Demodulation 


For the original JTIDS/Link-16 waveform, in AWGN the probability of channel 


chip error is 


DP. = exp( 2]. (5.4) 
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Again, equations (5.2), (5.4) and (2.28) are used to obtain the probability of bit 
error. 
The performance of the original JTIDS waveform in AWGN with noncoherent 


demodulation is shown in Figure 12. 























Figure 12. Performance of the original JTIDS in AWGN for noncoherent 
demodulation. 


3. Comparison Between Coherent and Noncoherent Demodulation for 
the Original JTIDS Waveform in AWGN 


For purpose of comparison, the performance for both coherent and noncoherent 


demodulation of the original JTIDS waveform is plotted in Figure 13. For P, =10~ the 
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original JTIDS waveform with coherent demodulation requires E,/N,=7 dB, while 
noncoherent demodulation requires E, /N, =8 dB. Hence, at P, =10~° the noncoherent 


system requires 1.0 dB more than the coherent system. 








JTIDS:Coherent demodulation 
JTIDS:Noncoherent demodulation 



































E,JN, (dB) 


Figure 13. Comparison of coherent and noncoherent demodulation of the original 
JTIDS waveform in AWGN. 


B. JTIDS WAVEFORM IN AWGN AND PNI 
1. Coherent Demodulation 


For the original JTIDS/Link-16 waveform in AWGN and PNI, the probability of 


channel chip error is [5] 
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(5.5) 





where y, = £,/N, and y,=E,/N,. 


Defining y, = (1s +(py, y')| in (5.5), we obtain 


= 10ry, 
Pa = of | } (5.6) 


In AWGN, the probability of channel chip error is given by (5.1), which can be 


expressed as 





_ 10ry, 
Pown = of 32 (5.7) 


Substituting (5.6) into (5.2), we obtain the probability of channel symbol error for 
both AWGN and PNI from 


2 BO ints a 
p= X6(7) eh (t-pa)? (5.8) 
Substituting (5.7) into (5.2), we get 


P swn Eye ES "|e ( — Pown aie (9:9) 


j=0 


Now substituting (5.8) and (5.9) into (2.15), we get 


a2 o 32-j 
Ps; =0¥6[ "ps (t=p.) 


NO aie a (5.10) 
H(A) d6,( j Jen (I= Pay) ; 
. 


Substituting (5.10) into (5.3) we approximate the probability of bit error by taking 
the average of the upper and lower bound on the probability of bit error given that a 


symbol error has occurred. 
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The performance of the original JTIDS waveform with different values of p for 
both AWGN and PNI is shown in Figure 14. The plot is obtained for FE, / N,=10 dB. 


From Figure 14, we see that PNI degrades the performance of the system relative to BNI 


by a maximum of 2.2 dB. We also see that o<0O.1 is not effective in degrading 
performance. The E,/N, required for P, =10° when E,/N,=10 dB for p=1,9=0.2 


and p = 0.1, respectively, are listed in Table 6. 









































fi 
0 5 10 15 20 
E,/N, (dB) 
Figure 14. Performance of the original JTIDS waveform with different values of p in 


both AWGN and PNI for coherent demodulation when E, / NV, =10 dB. 
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Table 6. Performance of the original JTIDS waveform with different values of p in both 
AWGN and PNI for coherent demodulation when P, =10° and E, / N,=10 dB. 




















p E/N, (dB) 
1 10.0 
0.2 12.2 
0.1 11.4 
2. Noncoherent Demodulation 





For noncoherent demodulation, the probability of channel chip error for the 


original JTIDS/Link-16 waveform in AWGN and PNI is [7] 





for the single-pulse structure. 


As before defining y, = H/ (17 +(py, y')| in (5.11), we obtain 


1 10ry, 
=—exp| -——4 


In AWGN, the probability of channel chip error is 


=! exp) 107% 
ae ae CY 


for the single-pulse structure. Since y, = E,/N,, we obtain from (5.13) 


1 10ry, 
=—exp| -—+ 
Pown ) r( 32 
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(5.11) 


(5.12) 


(5.13) 


(5.14) 


Substituting (5.12) and (5.14) into (2.15), we get 


32 : 32-j 
rl "ps (t~ pa) 
jo NJ (5.15) 


Xe "| pw — Paw)” 


Substituting (5.15) into (5.3), we approximate the probability of bit error by 
taking the average of the upper and lower bound on the probability of bit error given that 
a symbol error has occurred. 


The performance of the original JTIDS waveform with different values of p for 
both AWGN and PNI is shown in Figure 15. The plot is obtained for E, /N,=10 dB. 


From Figure 15, we see that PNI degrades the performance of the system relative to BNI 
by 3.3 dB. As with coherent demodulation, o<0.1 is not effective in degrading 
performance. 

The E,/N, required for P,=10° when E,/N,=10 dB forp=1,p=0.2 


and op = 0.1, respectively, are listed in Table 7. 


34 






































L 
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E,/N, (dB) 
Figure 15. Performance of the original JTIDS waveform with different values of p in 


both AWGN and PNI for noncoherent demodulation when E, / N,=10 dB. 


Table 7. Performance of the original JTIDS waveform with different values of p in both 
AWGN and PNI for noncoherent demodulation when P, =10~° and 














E, / N,=10 dB. 
Pp E,/N, (dB) 
1 12.3 
0.2 15.4 
0.1 15.6 
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3. Comparison Between Coherent and Noncoherent Demodulation for 
the Original JTIDS Waveform in AWGN and PNI with E;/ N, =10 dB 


For purposes of comparison, both coherent and noncoherent demodulation of the 
original JTIDS waveform with p =1,9=0.2,0=0.1 and p=0.05 for E,/N,=10 dB 


are plotted in Figures 16, 17, 18 and 19, respectively. The performance for coherent 
demodulation is superior to that of noncoherent demodulation, and the relative benefit of 


coherent demodulation increases as p decreases for p >0.1. For p <0.1, P, <10° for all 
E,/N, when E,/N,=10 dB. For comparison purposes, the E,/N, required for 
P,=10° when E,/N,=10 dB foro =1,0=0.2,0=0.land p=0.05, respectively, are 
listed in Tables 8, 9 and 10. 




































10° JTIDS:Coherent demodulation (p=1) 
JTIDS:Noncoherent demodulation (p=1) 

10°! : 

10° 7 
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Figure 16. Comparison of the performance of the original JTIDS waveform in both 


AWGN and PNI with p =1 for coherent and noncoherent demodulation 
when E, / N,=10 dB. 
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Table 8. Comparison of the performance of the original JTIDS waveform in both AWGN 
and PNI with p =1 for coherent and noncoherent demodulation when P, =10~ 


and E, / N,=10 dB. 














Demodulation E,/N, (dB) 
Coherent 10.0 
Noncoherent 12.3 























JTIDS:Coherent demodulation (p=0.2) 
JTIDS:Noncoherent demodulation (p=0.2) 
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2 4 6 10 12 14 16 18 20 
E,/N, (dB) 
Figure 17. Comparison of the performance of the original JTIDS waveform in both 


AWGN and PNI with p = 0.2 for coherent and noncoherent demodulation 


a7 


when E, / N,,=10 dB. 


Table 9. Comparison of the performance of the original JTIDS waveform in both AWGN 


and PNI with p = 0.2 for coherent and noncoherent demodulation when 
P,=10° and E,/N,=10 GB. 














Demodulation E,/N, (dB) 
Coherent 12.2 
Noncoherent 15.4 











Figure 18. 








JTIDS:Coherent demodulation (p=0. 1) | 
JTIDS:Noncoherent demodulation (p=0.1) | 






































2 4 6 8 10 12 14 #16 #18 = #20 
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Comparison of the performance of the original JTIDS waveform in both 
AWGN and PNI with p = 0.1 for coherent and noncoherent demodulation 


when E, / N,=10 dB. 
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Table 10. Comparison of the performance of the original JTIDS waveform in both AWGN 
and PNI with 9 = 0.1 for coherent and noncoherent demodulation when 


P,=10° and E,/N,=10 GB. 











Demodulation E,/N, (dB) 
Coherent 11.4 
Noncoherent 15.6 


















































10 
JTIDS:Coherent demodulation (p=0.05) 
10+ JTIDS:Noncoherent demodulation (p=0.05) - 
10°} : 
10° ! 
10° 3 
a 
a 5 
10 
5 10 15 20 25 
E,/N, (dB) 
Figure 19. Comparison of the performance of the original JTIDS waveform in both 


AWGN and PNI with p = 0.05 for coherent and noncoherent demodulation 
when E, / N,=10 dB. 
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4. Comparison Between Coherent and Noncoherent Demodulation for 
the Original JTIDS Waveform in AWGN and PNI with Different 
Values of E,/ Nr 


For purposes of comparison, both coherent and noncoherent demodulation of the 


original JTIDS waveform with op =1,9=0.2 andg=0.1 in both AWGN and PNI are 
plotted in Figures 20, 21 and 22, respectively. In each figure, the performance for both 
coherent and noncoherent demodulation for E, / N,=10 dB as well as for E, / N, =8.7 dB, 
which leads to P, =10°* for noncoherent demodulation when E,/N;>>1, is plotted. The 
E,/N, required for P, =10° when E,/N,=10 dB as well as when E,/N,=8.7 dB 
foro =1, 9 =0.2 and p =0.1 are listed in Tables 11, 12 and 13, respectively. 


As for the alternative JTIDS waveform, the comparison between coherent and 
noncoherent demodulation for the original waveform lead to similar conclusions. From 


Figures 20, 21 and 22, we see that for E,/N,=8.7 dB which leads asymptotically to 
P,=10° for noncoherent demodulation, the E,/N, required for P, =10~ increases as 
p decreases. Finally, for E,/N,=10 dB and P, =10°, as p decreases, the difference in 


performance between coherent and noncoherent demodulation increases from 2.3 dB for 


BNI to 4.2 dB for p=0.1. 
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3 Coherent demodulation (E./N,=10 dB) 
0 Noncoherent demodulation (E,/N,=10 dB) 
aif Noncoherent demodulation (E/N =8.-7 dB) 
10 : 
Coherent demodulation (E,/N,=8.7 dB) 
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Figure 20. Comparison of the performance of the original JTIDS waveform with p =1 


in both AWGN and PNI for coherent and noncoherent demodulation. 


Table 11. Comparison of the performance of the original JTIDS waveform with p =1 in 
both AWGN and PNI for coherent and noncoherent demodulation 














when P, =10°. 
E,/N, (dB) Demodulation E,/N, (dB) 
10 Coherent 10.0 
10 Noncoherent 12,3 
8.7 Coherent 12.0 
8.7 Noncoherent 16.6 
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10° Coherent demodulation (E./N,=10 dB) 
E Noncoherent demodulation (E./N,=10 dB) 
10" f Noncoherent demodulation (E/N =8-7 dB) 
Coherent demodulation (E,/N,=8.7 dB) 
10°F 
10°, 
10°: 
a 
a 
10°. 
10° 
10. 
10° E 4 
10° L L I L \ 
5 10 15 20 25 30 
E,/N, (dB) 
Figure 21. Comparison of the performance of the original JTIDS waveform 


with p =0.2 in both AWGN and PNI for coherent and noncoherent demodulation. 


Table 12. Comparison of the performance of the original JTIDS waveform with p =0.2 in 
both AWGN and PNI for coherent and noncoherent demodulation 


























when P, =10°. 
E,/N, (dB) Demodulation E,/N, (dB) 
10 Coherent IzZ2 
10 Noncoherent 15.4 
8.7 Coherent I33 
8.7 Noncoherent 18.2 
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Figure 22. 
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25 


Comparison of the performance of the original JTIDS waveform 


with o = 0.1 in both AWGN and PNI for coherent and noncoherent demodulation. 


Table 13. Comparison of the performance of the original JTIDS waveform with p = 0.1 in 


both AWGN and PNI for coherent and noncoherent demodulation 




















when P, =10°. 
E,/N, (dB) Demodulation E,/N, (dB) 
10 Coherent 11.4 
10 Noncoherent 15.6 
8.7 Coherent 13.0 
8.7 Noncoherent 18.6 
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C. COMPARISON OF 32-ARY ORTHOGONAL SIGNALING WITH (31,15) 
ENCODING WITH THE JTIDS WAVEFORM IN AN AWGN 
ENVIRONMENT 


In this section, we compare the performance of the alternative JTIDS/Link-16 
waveform and the original JTIDS/Link-16 waveform for both coherent and noncoherent 


demodulation in AWGN. 


1. Coherent Demodulation 

The probability of information bit error for the alternative JTIDS/Link-16 
waveform and the JTIDS/Link-16 waveform in AWGN are plotted in Figure 23. For 
P,=10°, E,/N,=5.3dB and E,/N,=74dB for the alternative JTIDS/Link-16 
waveform and the existing JTIDS/Link-16 waveform, respectively. This gives a 1.7 dB 


gain for the proposed JTIDS/Link-16 waveform as compared to the JTIDS/Link-16 


waveform. 











Alternative JTIDS:Coherent demodulation 
JTIDS:Coherent demodulation 
































E,/N, (dB) 


Figure 23. Comparison of 32-ary orthogonal signaling with (31, 15) RS encoding with 
the original JTIDS waveform in AWGN for coherent demodulation. 
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2. Noncoherent Demodulation 

The probability of information bit error for the alternative JTIDS/Link-16 
waveform and the JTIDS/Link-16 waveform in AWGN are plotted in Figure 24. For 
P,=10°, E,/N,=6.6 dB and £,/N,=84dB for the alternative JTIDS/Link-16 


waveform and the existing JTIDS/Link-16 waveform, respectively. This gives a 1.4 dB 
gain for the proposed JTIDS/Link-16 waveform as compared to the JTIDS/Link-16 




















waveform. 
0 Alternative JTIDS:Noncoherent demodulation 
0 JTIDS:Noncoherent demodulation 
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Figure 24. Comparison of 32-ary orthogonal signaling with (31, 15) RS encoding with 
the original JTIDS waveform in AWGN for noncoherent demodulation. 
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D. COMPARISON OF 32-ARY ORTHOGONAL SIGNALING WITH (31, 15) 
ENCODING WITH THE JTIDS WAVEFORM IN BOTH AWGN AND PNI 


In this section, we compare the performance of the alternative JTIDS/Link-16 
waveform and the original JTIDS/Link-16 waveform for both coherent and noncoherent 


demodulation when both AWGN and PNI are present. 


1. Coherent Demodulation 


We see in Figures 25, 26 and 27 and from Tables 14, 15 and 16 that for P, = 10° 
and for 0.1< <1 the original JTIDS waveform has a substantially inferior performance 
if the two waveforms are compared on an equal E,/N, basis, where the difference is 


most pronounced for BNI but is 3.1 dB for 9 =0.1. 








Alternative JTIDS:Coherent demodulation (p=1) 
JTIDS:Coherent demodulation (p=1) 





























12 
E/N, (dB) 


Figure 25. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =1 for coherent demodulation 


when E, / N,=10 dB. 
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Table 14. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with p =1 for coherent 


demodulation when P, =10° and E, /N,=10 dB. 


























JTIDS (waveform) E,/N, (dB) 
Alternative 6.3 
Original 10.0 
10° 





Alternative JTIDS:Coherent demodulation (p=0.2) 
JTIDS:Coherent demodulation (p=0.2) 


























15 


E,/N, (dB) 


Figure 26. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with p =0.2 for coherent 


demodulation when E, / N,=10 dB. 
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Table 15. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with p =0.2 for coherent 


demodulation when P, =10~ and E, /N,=10 dB. 























JTIDS (waveform) E,/ N, (dB) 
Alternative 9.1 
Original 12.2 
10° 








Alternative JTIDS:Coherent demodulation (p=0. 1) 
JTIDS:Coherent demodulation (p=0. 1) 
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Figure 27. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =0.1 for coherent 


demodulation when E, / N,=10 dB. 
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Table 16. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with po =0.1 for coherent 


demodulation when P, =10~ and E, / N,=10 dB. 




















JTIDS (waveform) E,/N, (dB) 
Alternative 8.3 
Original 11.4 
2. Noncoherent Demodulation 


In this subsection, the alternative and the original waveform in both AWGN and 


PNI for different values of p for noncoherent demodulation are compared. 


As with coherent demodulation, we see in Figures 28, 29 and 30 and from Tables 


17, 18 and 19 that, at PB =10° and for 0.1< p<1, the original JTIDS waveform is 


inferior if the two waveforms are compared on an equal E,/N, basis. In this case, the 


difference exceeds 4 dB, and the maximum difference of 4.7 dB occurs for p =0.1. 
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Alternative JTIDS:Noncoherent demodulation (p=1) 











JTIDS:Noncoherent demodulation (p=1) 
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Figure 28. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with p =1 for noncoherent 


demodulation when E, / N,=10 dB. 


Table 17. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =1 for noncoherent 


demodulation when P, =10~ and E, / N,=10 dB. 











JTIDS (waveform) E/N, (dB) 
Alternative 8.1 
Original 12.4 
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Alternative JTIDS:Noncoherent demodulation (p=0.2) 
JTIDS:Noncoherent demodulation (p=0.2) 


























E,/N, (dB) 


Figure 29. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with p =0.2 for noncoherent 


demodulation when E, /N,=10 dB. 


Table 18. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =0.2 for noncoherent 


demodulation when P, =10~° and E,/N,=10 dB. 














JTIDS (waveform) E/N, (dB) 
Alternative 11.2 
Original 15.4 
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Alternative JTIDS:Noncoherent demodulation (p=0.1) 
JTIDS:Noncoherent demodulation (p=0. 1) 
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Figure 30. Comparison of 32-ary orthogonal signaling with (31, 15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =0.1 for the noncoherent 


demodulation when E, / N,=10 dB. 


Table 19. Comparison of 32-ary orthogonal signaling with (31,15) encoding with the 
JTIDS waveform in both AWGN and PNI with o =0.1 for noncoherent 


demodulation when P, =10~ and E, /N,=10 dB. 








JTIDS (waveform) E,/N, (dB) 
Alternative 10.9 
Original 15.6 
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E. CHAPTER SUMMARY 

In this chapter, the performance of the original JTIDS waveform was compared to 
that of the alternative JTIDS waveform for both coherent and noncoherent demodulation 
in AWGN only as well as both AWGN and PNI. The results show a significant 
improvement over the original JTIDS waveform foro<1. In the next chapter, the 
performance of the alternative JTIDS waveform with EED in AWGN only as well as 
both AWGN and PNI is investigated for both coherent and noncoherent demodulation. 
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VI. PERFORMANCE ANALYSIS OF 32-ARY ORTHOGONAL 
SIGNALING WITH (31,15) RS ENCODING IN AN AWGN AND 
PULSE-NOISE INTERFERENCE ENVIRONMENT WITH ERRORS- 
AND-ERASURES DECODING 


In this chapter the performance of 32-ary orthogonal signaling with (31, 15) RS 
encoding in AWGN as well as both AWGN and PNI is examined for errors-and-erasures 


decoding. Both coherent and noncoherent demodulation are considered. 


A. COHERENT DEMODULATION IN AWGN 


We first examine the effect of errors-and-erasures decoding for coherent 
demodulation in AWGN, noise which is present for all communication systems even 


when there are no other types of noise present. 


The receiver has to decide which of the M symbols was received or decide that it 
cannot make a decision with sufficient confidence. If the output of each integrator 


V,>X,, i=1,2,...,M , then the receiver cannot decide with sufficient confidence, and the 


symbol is erased. 


Without loss of generality, we assume that the original signal representing symbol 
‘1’ is transmitted. With errors-and-erasures demodulation, if symbol ‘1’ is transmitted, 


then the probability of channel symbol erasure p, and probability of correct symbol 


detection p. are [6] 


Pp. =PrV, > XD Ve > 2s e KG VS yD (6.1) 
and 


pea Pit > Xs Xe Saal 1, Se GAL, SVs (6.2) 


respectively. The probability of channel symbol error can be obtained by substituting 


(6.1) and (6.2) into 


P,=1-P.-P,- (6.3) 
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From (6.1), the probability of symbol erasure is given by [6] 


DP. = We a ee tx Xy (Rae Esty 11) dx,dx,dx,...dxy 


(6.4) 


where fy y,. x, (4).%s+-+%y !1) represents the joint probability density function of the 


random variables that model the branch outputs. Since the random variables that model 


the branch outputs are independent, (6.4) can be written as 
p= [i fe (mW def fy, (Dae, 
ele he eaeel  eGyliayy: 
Since A Glijase |: eles |" Glee 
(6.5) simplifies to 


DP, =|" fe (% 11) dx, |] J ee Ides] 


The conditional probability density functions for the 


variables X 


m? 


modeled as Gaussian noise are [6] 


Logg) te 24) 


fy, (%, lm) = ome exp ee form<M, 





and 


1 


Fx, (x, In, n# m) = = ox) ee | 


where o° = N,,/T.. Substituting (6.8) and (6.9) into (6.7), we obtain 
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(6.5) 


(6.6) 


(6.7) 


random 


where m=1,2,...,M that represent the integrator outputs when the noise is 


(6.8) 


(6.9) 


which can be evaluated to obtain 


eee wn 


Defining V, =aVv2A,, where 0<a<1, we get 


viofeclfigese] on 
[enEoy 


From (6.13), the probability of channel erasure with (n, k) RS coding with code rate r is 


-|1-ofte-9 . J] -2f« - |. (6.14) 


Expressed in terms of E,,/ N,,, (6.14) is given by 


P. “loft THE) PE (6.15) 


Similarly, we can derive an expression for the probability of correct symbol 





Hence, 














detection [6]. From (6.2), we get 
p.=f eee eC es I) ddr ndty [dy (6.16) 


Since the random variables X,,,where m=1,2,...,M , are independent, (6.16) can be 


m? 


written as 
P. =i, fas ( (x, 11) xf feloelide | Fee lides.| Gata 1) dry dx, (6.17) 
Using (6.6), we see that (6.17) simplifies to 


P. =|, Fx, ( (x, 11) )x| a (x11) dx, ie (6.18) 
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Substituting (6.8) and (6.9) into (6.18), we get 


-(x, —~J/2A, iy % 1 ~% 2 Ms} 
exp) ely | exp] —2- |dx,| dx, (6.19) 
oO 


20° man PA IK0) 











o J 
Ph, 210 


which can be evaluated to obtain 


ee je cea ji-o(2)]" a ai 
Yr 270 Oo 


Letting u= E - 2A, \/o , we get 





ie) 


DP. = fama Fee af -o[ we 2A ] du (6.21) 


Finally, with V, = aV2A, and o=N_,/T., we obtain the probability of correct channel 


detection as 





M-1 
1 pe (=) 2E 
= 1= 5 22 
Pc Tag von ° ofr N, ] = eo 


The probability of correct channel detection can be expressed in terms of EF, /N, 


and code rate ras 


M-1 
— lo op (-¢) 2rmE, 
P= = ne me € sof Past du. (6.23) 


With errors-and-erasures decoding, the probability of block error is given by [6] 


t n : Avie -1-2i n ie) 1 ; a 
Pek) elie lps oy Neo PPeB (6.24) 
ino \L j=0 J 


where (6.3), (6.15) and (6.23) are used in (6.24). 


The performance for 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of a is shown in Figures 31 and 32. From Figures 31 


and 32, we see that performance degrades for large a (a 20.8), and there is not much 
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difference in performance for a <0.5. At P, =10™, there is a very small improvement in 


performance when a=0.6 relative to a=0.0. Since a=0.0 implies no EED, we 
conclude that there is only a small improvement in performance using EED for the 
alternative JTIDS/Link-16 waveform in the presence of AWGN. If @ is too large, EED 


degrades performance. 


























E,/N, (dB) 


Figure 31. The performance of 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of a for coherent demodulation. 
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E,/N, (dB) 


Figure 32. The performance of 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of « for coherent demodulation. 


B. NONCOHERENT DEMODULATION IN AWGN 
With errors-and-erasures demodulation, if symbol ‘1’ is transmitted, then the 
probability of channel symbol erasure p, and probability of correct symbol detection p, 
are [6] 
Pp. = PV, > XV > Xe, > X51 1Y, > XID (6.25) 
and 


peri, Sx, 0%) 2 Xa eX xX SV), (6.26) 


respectively. The probability of channel symbol error can be obtained by substituting 


(6.25) and (6.26) into 


p, =1- p, — p,- (6.27) 
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From (6.25), the probability of symbol erasure is given by [6] 


P. = {. {, i yi Fev, YpVersYy UW) dvdv,dvy...dvy (6.28) 


where fyy,y, (Y.V2.-¥, /1) represents the joint probability density function of the 


random variables that model the detector outputs. Since the random variables that model 


the branch outputs are independent, (6.28) can be written as 


~ ia fy I)dv,f" fy, (y, Wav, 


2 : (6.29) 
x ee (v, I) dv...[." fy, (v,, dry. 
Since fh. fy, (v, dy, = is fy, (vj 11) dv, =...= ale fy, (vy Wdvy » (6.30) 
(6.29) simplifies to 
p.= ( fi, (v, 11) dy, |] f fi, (V2 I)av,] (6.31) 


The conditional probability density functions for the random variables 
V,,,where m=1,2,...,M , that represent the branch outputs when the signal representing 


symbol m is transmitted is the non-central chi-squared probability density function with 


two degrees of freedom when the noise is modeled as Gaussian noise [6]. Hence, 








—(v,,4+2A4? A.|2 
ha Crlm)= reve CAT | aa fore: (6.32) 
and 
1 -v, 
fy, (v, In, nm) = 567 P| 502 |: (6.33) 


Substituting (6.32) and (6.33) into (6.31), we get 


Vy 1 v +2A? A,2v, vy 1 aie M-1 
rll aes All a ( os YP ? a sexe] Ss |, (6.34) 
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Equation (6.34) can be rewritten as 


eo —(v,+24.") | (A,,/2y, | —-(v,+24.")]_ (A,,/2y, 
= ex I,| — dv, — eX) I,| — dv 
Re f 2c? ‘| 2c? . o : ee: P 2c? i o : (6.35) 


e l M-1 
T —V, 
| " sen | i, . 


2 —(v,+2A4? A./2 
{ : os} (¥ . g Pf (6.36) 


é =(i 2A? 
ref = os} at Ye 23 eae 
. 37 








Since 














Letting /v, = x0 and fv, =xo and defining V, =204, , where 0<a <1, in (6.37), we 














derive 
t rats x E E 
=| |v % xexp| —| —+— | |1 2—x |dx 
P. Ji | c N, | ( N, 
5 ne (6.38) 
-Y, 
x| 1—ex r : 
Dalecal 
Since 








exp] 3 || < pe) Me fse| ee | (6.39) 


(6.38) can be written as 








(6.40) 
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From (6.40), the probability of channel erasure with (n, k) RS coding with code 


rate r is 

















(6.41) 
= sh a [a | 
x> (-1) exp 
n=0 nN 0 
In terms of E,,/ N,, (6.41) can be expressed as 
x? 
r-|f* No “sep [= > ae Jl 2 “Jax 

’ (6.42) 


S- ae ‘ xp| en | 


0 


Next, we derive an expression for the probability of correct symbol detection. 


From (6.26), we have 
= ait {". ai Sivy Vu (ies ae I) drydvy.dy a, (6.43) 


Since the random variablesV,,where m=1,2,...,M, are independent. (6.43) can be 


written as 
P. =f, fa ( v, 11) | J fy, (v) Wav, | fy, (vs Wy. fy (Yar | 1)dvy fa, (6.44) 
Using (6.30) in (6.44), we get 
Pp. = l rac 11) \, fi, (% i)av,) ary, (6.45) 


Finally, substituting (6.32) and (6.33) into (6.45), we get 


ae —(v, +2A,”) A,/2V, y 1 V5 a 
p= | 53 os} baz | Ge I, sqr P| 57 |r| dy, (6-46) 


which can be partially evaluated to obtain 


rl —(v, +24, A,./2, -y | 
p.= | oe] we My, x 1 exp| 5" dv,. (6.47) 


Vr 
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Substituting (6.39) into (6.47), we get 


pod —(v,+24,”) A.f2v, || ,(M-1 —nv, 
eof SO ot 


4 (6.48) 


| ro 222 (aE ol WF a 











20° 


Using (6.36) in (6.48) and interchanging the order of integration and summation, 


we get 





M-l (6.49) 


* we dx |. 


0 








From (6.49), the probability of correct channel detection with FEC coding 


expressed in terms of E, / N,, and code rate r is 


ea(-1I"(M-1 —nrmE, 
a ae ma) (n+1)N, 


—s {5 2rmE, {5} ale 
= I 0 xexp 1 2H 1—exp dx |. 





(6.50) 





0 


As with coherent detection, the probability of block error is obtained by 
substituting (6.27), (6.42) and (6.50) into (6.24). 


The performance for 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of a is shown in Figures 33 and 34. From Figures 33 


and 34, we see that performance degrades for large a (a>0.6). There is not much 
difference in performance for a less than 0.4, and, at P =10°, there is a slight 


improvement relative to a =0.0 when a =0.5. 
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Figure 33. The performance of 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of « for noncoherent demodulation. 


65 





























E,/N, (dB) 


Figure 34. The performance of 32-ary orthogonal signaling with a (31, 15) RS code and 
EED in AWGN for different values of a for noncoherent demodulation. 


C. COHERENT DEMODULATION IN AWGN AND PNI 


The probability of channel erasure with FEC and EED in the presence of PNI is 
obtained from (2.13), (2.15) and (6.15) as 


M-1 








(6.51) 








em ofa 2rmE, y | 
N, N, 
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Expressing (6.51) in terms of y, = ae +( (py, ) y')| and y,, we get 


i 0(a-1) Bem [1-0 2m) 
+ (1-p)][1-9((a-1) 2mm.) |[1-0( frm, ) "| 


Similarly, the probability of correct channel detection when PNI is present is 


(6.52) 





given by 
ae (3 ie O( ut J2rmy; ) 1e a] 
“Pelion [tole Jammy)" a] 


The probability of channel symbol error with EED and the probability of block 


(6.53) 


error are now obtained as before when only AWGN was present. 

The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different a where 9=0.1 (E,/N,=10dB) in the presence of AWGN and PNI is 
shown in Figure 35. We observe that 0.0<a<0.5 provides almost the same 
performance at P,=10°, while «@=0.6 gives poorer performance. For a >0.7, the 


performance worsens significantly. Since «© =0.0 implies no EED, we conclude that 
there is very little improvement in the performance of the alternative JTIDS waveform 


when EED is used in the presence of AWGN and PNI. 
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Figure 35. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o =0.1 for coherent demodulation 


when E, / N, =10 dB. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different a where p=0.2 (E,/N,=10dB) in the presence of AWGN and PNI is 


shown in Figure 36. We observe that now 0.0<a<0.7 provides almost the same 


performance at P, =10~°, while for « > 0.7, performance worsens significantly. 
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Figure 36. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with 9 =0.2 for coherent demodulation 


when E, / N, =10 dB. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different a where 9 =1 (E,/N,=10 dB) in the presence of AWGN and PNI is shown 


in Figure 37. As previously, when p <1, we observe that 0.0<a<0.7 provides almost 


the same performance at P, =10~°, while for « > 0.7, performance worsens significantly. 
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Figure 37. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o =1 for coherent demodulation 


when E,, / N, =10 dB. 


Next, we investigate the performance of the alternative waveform with EED for 
different ¢ when a=0.5 since this results in slightly better performance at P, =10°. 
The performance of 32-ary orthogonal signaling with (31, 15) RS coding with EED in a 
PNI environment for various values of p with a =0.5 and E,/N,=10 dB is shown in 
Figure 38. We observe that at P =10~°, as p decreases, performance is degraded, but 


the degradation is limited to about 3.0 dB. 
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Figure 38. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI with a =0.5 and E, / N, =10 dB for different values of p for coherent 


demodulation. 

Comparing the results from Figures 8 and 9 (E,/N,=10dB and a=0.0) with 
those from Figure 38 (E,/N,=10dB and a=0.5), we see that for P,=10~° and 
0.2 < o <1, performance is about the same or even slightly worse when EED is used. 

Next, we investigate the performance of 32-ary orthogonal signaling with (31, 15) 
RS coding for different a where 9 =0.1 and E, /N, =6.8 dB in the presence of AWGN 
and PNI is shown in Figure 39. We observe that 0.0 < a<0.4 provides almost the same 
performance at P, =10~°, while a =0.5 gives slightly poorer performance. For o > 0.6, 


the performance worsens significantly. Since «@ =0.0 implies no EED, we conclude that 
there is very little improvement in the performance of the alternative JTIDS waveform 
when EED is used in the presence of AWGN and PNI regardless of whether E,/N, is 


large or not. 
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Figure 39. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with 9 =0.1 for coherent demodulation 


when E, / N, = 6.8 dB. 


As previously, the performance of 32-ary orthogonal signaling with (31, 15) RS 
coding for different a where p=0.2 (E,/N, =6.8 dB) in the presence of AWGN and 


PNI is shown in Figure 40. We observe that 0.0<a<0.4 provides almost the same 


performance at P, =10~. For a > 0.6, performance worsens significantly. 
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Figure 40. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with 9 =0.2 for coherent demodulation 


when E, / N, =6.8 dB. 


Additionally, the performance of 32-ary orthogonal signaling with (31, 15) RS 
coding for different a where p=1 (E,/N,=6.8 dB) in the presence of AWGN and 


PNI is shown in Figure 41. As previously, when o<1, we observe that 0.0<a<0.5 


provides almost the same performance at P, =10°, while for a>0.7, performance 


worsens significantly. 
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Figure 41. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o =1 for coherent demodulation 


when E, / N, =6.8 dB. 
Finally, we investigate the performance of the alternative waveform with EED for 
different when a=0.3 since this results in slightly better performance at P, =10°. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding with EED in a 


PNI environment for various values of p with a =0.3 and E, / N, =6.8 dB is shown in 


Figure 42. We observe that at P, =10°, as p decreases, performance is degraded, but 


the degradation is limited to about 1.7 dB. 
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Figure 42. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI with a =0.3 and E, / N, =6.8 dB for different values of o for coherent 


demodulation. 
Again, comparing the results from Figures 8 and 9 (E,/N, =6.8dB and a=0.0) 
with those from Figure 42 (E,/N,=6.8dB and a=0.3), we see that for P, =10~ and 


0.2 < p <1, performance is about the same or even slightly worse, just as when E,/N, is 


larger. As a result, we conclude that EED provides no additional benefit when coherent 


detection is used. 


D. NONCOHERENT DEMODULATION IN AWGN AND PNI 


The probability of channel erasure with FEC and EED in the presence of PNI is 
obtained from (2.13), (2.15) and (6.42) as 
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In a similar manner, the probability of correct channel detection with FEC and 


EED in the presence of PNI is obtained by adapting (6.50) to get 
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The probability of channel symbol error with EED and the probability of block 
error are now obtained as before when only AWGN was present. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different a where p=0.1 (E,/N,=10dB) in the presence of AWGN and PNI is 
shown in Figure 43. We observe that, for P, =10°, 0.0<a<0.3 provides almost the 


same performance. For a >0.4, the performance worsens significantly. Since a =0.0 
implies no EED, we conclude that there is very little improvement in the performance of 


the alternative JTIDS waveform from using EED in the presence of AWGN and PNI. 
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Figure 43. The performance of 32-ary orthogonal signaling with EED in AWGN and 


PNI for different values of « with o =0.1 and for noncoherent demodulation 
when E, / N, =10 dB. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different ao where p=0.2 (E,/N,=10dB) in the presence of AWGN and PNI is 


shown in Figure 44. We observe that for P =10°, 0.0<a<0.4 provides almost the 


same performance. For a 2 0.6, performance worsens significantly. 
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Figure 44. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o = 0.2 and for noncoherent demodulation 


when E,, / N, =10 dB. 


The performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different values of a where 9 =1 (E,/N,=10 dB) in the presence of AWGN and PNI 
is shown in Figure 45. We observe that 0.0<a<0.6 provides almost the same 
performance at P, =10~°, but a =0.5 gives slightly better performance than o =0.0. For 


a > 0.6, performance worsens significantly. 
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Figure 45. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o =1 and for noncoherent demodulation 


when E, / N, =10 dB. 


Next, we investigate the performance of the alternative waveform with EED for 
different when a=0.3 since performance is slightly better for P,=10°. The 
performance of 32-ary orthogonal signaling with (31, 15) RS coding with EED in a PNI 
environment for various values of p with a@=0.3 and E,/N,=10dB is shown in 
Figure 46. We observe that, for P, = 10°, as p decreases, performance is degraded, but 


the degradation is limited to about 3.0 dB. 
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Figure 46. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI with a =0.3 and E, / N, =10 dB for and different values of p for 


noncoherent demodulation. 

Comparing the results of Figures 8 and 9 (E,/N, =10dB and a =0.0) with those 
of Figure 46 (E,/N,=10dB and a=0.3), we see that for P. =10° and 0.1<p<1, 
performance is not improved by EED. 

Next, the performance of 32-ary orthogonal signaling with (31, 15) RS coding for 
different a where 9=0.1 and E,/N,=6.8 dB in the presence of AWGN and PNI is 
shown in Figure 47. We observe that 0.0<a<0.4 provides almost the same 
performance at P,=10°, while a@=0.5 and a=0.6 give poorer performance. For 


a >0.6, the performance worsens significantly. Since a@=0.0 implies no EED, we 
conclude that there is very little improvement in the performance of the alternative JTIDS 


waveform when EED is used in the presence of AWGN and PNI. 
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Figure 47. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of @ with o =0.1 and for noncoherent demodulation 


when E, / N, = 6.8 dB. 


As previously, the performance of 32-ary orthogonal signaling with (31, 15) RS 
coding for different a where p=0.2 (E,/N, =6.8 dB) in the presence of AWGN and 


PNI is shown in Figure 48. We observe that, for P, = 10°, 0.0<a<0.5 provides almost 


the same performance. For a 2 0.6, performance worsens significantly. 
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Figure 48. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with p = 0.2 and for noncoherent demodulation 


when E, / N, =6.8 dB. 

Finally, the performance of 32-ary orthogonal signaling with (31, 15) RS coding 
for different values of a where p=1 (E,/N, =6.8 dB) in the presence of AWGN and 
PNI is shown in Figure 49. We observe that a=0.2 and a=0.4 provide almost the 
same performance at P,=10°, while «=0.5 anda=0.6 give slightly better 


performance than a =0.0. For a 20.7, performance worsens significantly. 
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Figure 49. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI for different values of a with o =1and for noncoherent demodulation 


when E, / N, =6.8 dB. 

Now, we consider the performance of the alternative waveform with EED for 
different when a=0.3 since performance is slightly better for P =10°. The 
performance of 32-ary orthogonal signaling with (31, 15) RS coding with EED in a PNI 
environment for various values of p with a@=0.3 and E,/N,=6.8 dB is shown in 
Figure 50. We observe that, for P, = 10°, as p decreases, performance is degraded, but 


the degradation is limited to about 1.4 dB. 
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Figure 50. The performance of 32-ary orthogonal signaling with EED in AWGN and 
PNI with a =0.3 and E,/N, =6.8 dB for and different values of p for 


noncoherent demodulation. 
gain, comparing the results from Figures 8 and 9 (E,/N, =6.8dB and a =0.0) 


with those from Figure 50 (E/N, =6.8dB and a =0.3), we see that for P, =10~° and 


0.1< p <1, performance is not improved by using EED. 


E. CHAPTER SUMMARY 


In this chapter, the performance of the alternative JTIDS waveform with EED in 
AWGN only as well as AWGN and PNI for both coherent and noncoherent demodulation 


was examined. In the next chapter, the findings of this thesis are summarized. 
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VII. CONCLUSIONS AND FUTURE WORK 


A. CONCLUSIONS 


This thesis presented an alternative JTIDS/Link-16 waveform, 32-ary orthogonal 
signaling with (31, 15) RS coding, to the JTIDS/Link-16 waveform. Both coherent and 
noncoherent demodulation of the proposed waveform were analyzed, and subsequently 
the performance obtained was compared with that for the existing JTIDS/Link-16 
waveform for AWGN as well as PNI. When only AWGN is present, the alternative 
waveform outperforms the JTIDS/Link-16 waveform by 1.7 dB and 1.4 dB for coherent 
and noncoherent detection, respectively, when P, =10~°. When PNI is also present, the 
maximum degradation of the alternative waveform is 2.8 dB and 3.1 dB at 9 =0.2 for 


coherent and noncoherent detection, respectively, when P,=10° and E,/N,=10 dB. 


For the same conditions, the JTIDS/Link-16 waveform suffers a further degradation of 


3.1 dB and 4.2 dB for coherent and noncoherent detection, respectively. When E,/N, is 


reduced, the absolute improvement in performance obtained with the alternative 


waveform is smaller. 


We found very little benefit to EED for the alternative waveform since there is 
only a small improvement in performance as compared to errors-only decoding 
regardless of whether detection is coherent or noncoherent. This result is rather surprising 


since EED usually improves the performance of a waveform when PNI is present. 


B. FUTURE RESEARCH AREAS 


We examined an alternative JTIDS/Link-16 waveform that consists of 32-ary 
orthogonal signaling with (31,15) RS coding and provides an improvement in 
performance over the existing JTIDS/Link-16 waveform. 

The performance of either the original or the alternative waveform might be 
further improved by using either a concatenated code or a non-binary convolutional code. 
The alternative waveform should also be evaluated assuming differential encoding. In 


this thesis, the alternative waveform is compared only to the JTIDS/Link-16 single-pulse 
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waveform. The alternative waveform should be evaluated as a double-pulse waveform 
and compared to the JTIDS/Link-16 double-pulse waveform. Finally, the alternative 


waveform should be analyzed when channel fading is a factor. 
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